The outer membranes of gram-negative Enterobacteriaceae contain pore-forming proteins called porins. Monomeric porin molecules associate to form stable trimeric transmembrane hydrophilic channels which facilitate the transport of various low-molecular-weight solutes. The expression of the major porin proteins of Escherichia coli, OmpC and OmpF, is regulated by environmental stimuli such as osmotic pressure, pH, and temperature. Crystallographic analysis (13) of E. coli OmpF reveals the three-dimensional structure to consist of 16 antiparallel ␤-strands forming a barrel which is embedded in the membrane. The external segments of the barrel consist of loop structures, seven of which are surface exposed and one (L3) which folds back inside the barrel. The trimeric structure is formed by a hydrophobic interaction between side chains of amino acid residues forming the external surfaces of adjacent barrels. Comparisons of known porin amino acid sequences demonstrate a high degree of structural and inter-and intraspecies amino acid sequence homology.
In addition to their functional properties, purified porins are immunogenic in either their trimeric or monomeric forms. Monoclonal antibodies have been used to define distinct determinants on the OmpF molecule by using mutant strains with either OmpF deletions (24) , single-amino-acid substitutions (17, 50) , or OmpF-OmpC hybrid porins (17) . Some of these were surface-exposed epitopes, but many were also buried within the ␤-barrel structure. These methods, in general, have only permitted crude localization of antibody-reactive epitopes. Cross-reactions of antiporin monoclonal antibodies with porins of other Enterobacteriaceae are common (24, 28, 33, 39) , indicating a high degree of antigenic similarity among porins of divergent species.
Interest in the immunological properties of porins has been fueled by their role in the pathogenesis of enteric organisms and their vaccine potential. Significant interspecies porin sequence homologies could facilitate the induction of broad-spectrum immunity to a number of pathogens following inoculation with a porin isolated from a single strain. Porin-immunized mice were protected from infection when challenged with Salmonella enterica serovar Typhimurium (49) or Salmonella enterica serovar Typhi (22, 23, 37) , and mutations in the major porins of Shigella flexneri (4, 5) and S. enterica serovar Typhimurium (12) resulted in decreased virulence compared to that of the wild-type strain. As immunity to these organisms involves Tcell-mediated responses, it can be concluded that the porin molecule contains T-cell epitopes, some of which may elicit protective responses. Although Matsui and Arai (26) demonstrated that passive transfer of T cells from BALB/c mice immunized with S. enterica serovar Typhimurium porins resulted in protection against salmonellosis in naive mice, the protective epitopes were not identified. Purified porin monomers and trimers are capable of inducing T-cell proliferative responses, as measured by in vitro [ 3 H]thymidine uptake assays (29, 46) , and elicit strong delayed-type hypersensitivity reactions when inoculated into mice (26, 49) . However, the difficulty of preparing purified porin which is free of lipopolysaccharide (LPS) contamination raises questions as to whether the observed responses were specific for the porin component of the inoculum.
Passive immunization of mice with monoclonal or polyclonal antiporin sera provided partial protection against subsequent challenge with S. enterica serovar Typhimurium (22, 42) or S. enterica serovar Typhi (22) , with the maximum protection being afforded by monoclonal antibodies with specificity toward the porin-LPS complex. The identification of B-cell epitopes of the porin molecule responsible for the protective effects was restricted to a few strains of mice. The localization of antigenic determinants has been for the most part limited to those B-cell epitopes recognized by BALB/c (H-2 d ) mice, which were used to generate polyclonal antisera or monoclonal antibody panels (24, (39) (40) (41) . The contribution of the H-2 haplotype to the cellular responses to the porin molecule has not previously been determined.
In order to better localize minimal B-cell and T-cell epitopes on the OmpF porin molecule and to determine the genetic restriction of responses to these epitopes, overlapping synthetic polypeptides spanning the entire sequence of E. coli OmpF were used to detect antibody responses and in vitro proliferative responses from inbred mice immunized with peptides or a native porin trimer. While the fine specificity of relatively immunodominant T-cell or B-cell epitopes varies depending on the genetic background of the mice, synthetic peptides have also proved to be extremely useful reagents in the identification of genetically permissive epitopes which may have broader application in vaccine development. Peptidediagnostic reagents based on permissive epitopes could serve as indicators of exposure in a genetically diverse population. The present study used a synthetic-peptide approach to identify those segments of the porin molecule which are recognized by B cells and T cells, thereby eliminating the problems previously encountered with LPS-contaminated preparations. Cytokine profiles of the proliferating cell populations were also determined. The relationship of these epitopes to the threedimensional structure of the OmpF molecule is discussed.
MATERIALS AND METHODS
Porin purification. The CM6 strain of E. coli B/r, which produces OmpF but not OmpC (2), was the source of porin. Bacteria were grown to mid-log phase in nutrient media at 37°C. Porin was extracted by the method of Nurminen (32), followed by size exclusion chromatography on Sephacryl S-200 in the presence of 1% sodium dodecyl sulfate (SDS) (20) to reduce LPS contamination. Levels of residual LPS per microgram of porin did not exceed picogram amounts, as detected with the Limulus amebocyte lysate assay (E-Toxate kit; Sigma Chemical Company, St. Louis, Mo.). The purity of the preparation was assessed by SDSpolyacrylamide gel electrophoresis (25) using 10 to 20% linear gradient gels. Aliquots of the porin preparation were incubated with 5 g of polymyxin B (Sigma) per ml for 1 h at room temperature to inhibit the biological activity of residual LPS (18) .
Synthetic polypeptides. Thirty-two synthetic peptides representing the entire 340-amino-acid sequence of OmpF were produced by standard 9-fluorenylmethoxycarbonyl polyamide solid-phase synthesis, using an Applied Biosystems model 430A peptide synthesizer. Peptides were synthesized as 20-mers, with adjacent peptides overlapping by 10 amino acids. Peptides corresponding to the N terminus and C terminus were synthesized as 25-mers. Syntheses proceeded on p-hydroxymethylphenoxymethyl polystyrene resins, using 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate as the coupling agent. Peptides were deprotected and cleaved from the resin in 92 to 95% trifluoracetic acid (TFA)-H 2 O containing thioanisole, ethanedithiol, and ethylmethylsulfide as scavenger chemicals. Peptides were purified by preparative reverse-phase highpressure liquid chromatography by using an acetonitrile gradient of 0 to 70% and 0.1% TFA as the mobile phase. Acidic peptides were purified on a reverse-phase polymeric (300-Å polystyrenedivinylbenzene) column (Vydac, Hesperia, Calif.) using 5 mM ammonium acetate, pH 8.5, as the mobile phase. Molecular weights of selected peptides were confirmed by electrospray mass spectrometry.
Mice.
, and BALB.B (H-2 b ) mice were obtained from the Jackson Laboratories (Bar Harbor, Maine) and used at 6 to 8 weeks of age.
Immunization for antibody production. B-cell epitope specificities were assessed by the presence of immunoglobulin G (IgG) serum antibodies to individual peptides. For antibody production, groups of five mice were subcutaneously immunized with 100 g of OmpF and boosted at days 21 and 28. The first injection was given in complete Freund's adjuvant. Because of the large number of peptides to be tested, peptides were initially inoculated as pools of peptides consisting of six groups of five or six peptides each, with 200 g of protein per injection. Individual peptides were inoculated similarly, except that only 50 g of peptide was given per injection. Seven days later, groups of mice were bled from the tail vein, the sera were pooled, and antibody responses were determined by enzyme-linked immunosorbent assay (ELISA), using Dynatech Immulon II micro-ELISA plates coated with 0.2 g of the respective synthetic peptides or 0.1 g of purified porin/well. Antibody responses were determined using individual peptides which were components of the original immunizing pool. Mouse sera were diluted 1:1,000 in phosphate-buffered saline (PBS) containing 5% fetal bovine serum and 0.1% Tween 20. Bound antibodies were detected with a 1:1,000 dilution of alkaline phosphatase-conjugated goat anti-mouse IgG (Fc specific) (Jackson Immunoresearch, West Grove, Pa.) and with p-nitrophenyl phosphate as the substrate. Absorbance was read at 405 nm using a Spectramax 250 ELISA plate reader (Molecular Devices, Sunnyvale, Calif.). Results are expressed as the mean absorbance of quadruplicate wells, and the standard deviation did not exceed 10% of the mean.
Proliferative assays. T-cell epitope specificity was determined by the ability of synthetic peptides to induce in vitro T-cell proliferation when incubated with T cells purified from porin-immunized or peptide-immunized mice. For proliferative assays, groups of five mice were immunized subcutaneously at the base of the tail or intraperitoneally with 100 g of porin. Peptides were inoculated into groups of mice as pools of five or six adjacent peptides. For each pool, 20 g of the individual peptides was suspended in 100 l of sterile saline, which was emulsified with an equal volume of complete Freund's adjuvant. Mice were boosted 3 weeks later with 100 g of porin or pooled peptides suspended in 100 l of sterile saline. Individual peptides were similarly inoculated, except that only 50 g of total protein was used. Ten days later, splenic T cells were purified by lysis of red blood cells with 0.17 M ammonium chloride, followed by depletion of B cells and macrophages by one panning cycle and then by passage through columns containing glass beads coated with anti-mouse Ig (R & D Systems; mouse T-cell purification columns). Postcolumn purity of T-cell suspensions was Ͼ85% Thy 1ϩ, as assessed by flow cytometry. T cells were suspended in RPMI 1640 medium containing 10% fetal calf serum, 2 mM L-glutamine, 1% nonessential amino acids, 1 mM sodium pyruvate, 50 U of penicillin and 50 g of streptomycin/ml, and 50 M 2-mercaptoethanol (Gibco/BRL, Gaithersburg, Md.) and dispensed into 96-well flat-bottom microtiter plates at a concentration of 400,000 T cells/well. Antigen-presenting cells consisted of 200,000 mitomycin C-treated, T-cell-depleted normal splenocytes/well (Ͻ5% T cells). Peptides were added to a final concentration of 50 M in a total volume of 200 l. The optimum concentration of peptide was determined in preliminary studies using purified T cells incubated with serial dilutions of individual peptides. Additional cells were incubated with purified, polymyxin B-treated porin at concentrations ranging from 10 to 0.01 g/well. All antigens were tested in triplicate. After 5 days, cells were pulsed with 1 Ci of [ 3 H]thymidine/well for an additional 12 h, harvested with an automatic cell harvester, and counted in a liquid scintillation counter. Supernatants from duplicate cultures were harvested for cytokine quantitation. T cells from normal (vehicle) control mice were treated identically to those from immunized mice. Results of proliferative assays are expressed as stimulation index, i.e., the ratio of counts per minute for immune T cells plus antigen to counts per minute for control T cells plus antigen. Proliferative assays were repeated a minimum of two times for each strain of mouse, with the standard error between assays not exceeding 10%.
Cytokine quantitation. Interleukin-2 (IL-2) and IL-4 concentrations of culture supernatants were determined by a capture ELISA assay using paired monoclonal antibodies specific for murine IL-2 and IL-4 (Pharmingen, San Diego, Calif.). Dynatech Immulon II plates were coated overnight with the capture antibody (5 g/ml) suspended in 0.1 M carbonate-bicarbonate buffer, pH 9.6. Plates were washed three times with PBS-0.5% Tween 20, and then 100 l of culture supernatant was added. Plates were incubated overnight at 4°C and washed four times with PBS-Tween 20, and then 100 l of biotin-conjugated anti-murine IL-2 or IL-4 (2 g/ml) was added. Plates were incubated for 2 h and washed six times, and then 100 l of a 1:1,000 dilution of peroxidase-streptavidin (Jackson Immunoresearch) was added. After 30 min plates were washed eight times, and the color was developed with tetramethylbenzidine. Absorbance was read at 450 nm. Standard curves were generated by using serial dilutions of murine recombinant IL-2 or IL-4 (Genzyme, Cambridge, Mass.). Results are expressed as means of triplicate cultures, and the standard deviations did not exceed 10% of the means.
RESULTS

Mapping of linear B-cell epitopes using synthetic polypeptides.
A series of polypeptides spanning the entire 36-kDa OmpF protein were synthesized as 20-mers, with the exception of peptides 1-24 and 315-340 ( Fig. 1) . Each peptide overlapped the adjacent peptide by 10 amino acids. Separate groups of mice were immunized with a synthetic peptide pool consisting of five or six adjacent peptides or native OmpF, and sera were assayed for IgG binding against each peptide. The IgG response against the native protein was also determined by using sera from mice immunized with native OmpF. A comparison of the reactivities of sera from the different mouse strains against synthetic peptides is shown in Fig. 2 . No discernible pattern of reactivity was observed when comparing sera from the congenic strains BALB/cJ, BALB.B10, and BALB.K, indicating that any potential contribution of non-major histocompatibility complex (MHC) genes to antibody responses in these strains was either not present or was undetectable by this assay. Several strain-specific responses were also observed. Sera from peptide-immunized BALB.B10 mice recognized peptide 165-184, and peptide 265-284 was recognized by CBA/J mice when the mice were immunized with either the porin or the peptide. In several other cases, an antibody response to a peptide was observed in both peptide-and porinimmunized mice. Peptide 245-264 was recognized by sera from BALB/cJ, DBA/J, BALB.B10, and BALB.K mice, although the reactivity with sera from OmpF-immunized mice was weak. The same was true for the reactivity of sera from BALB.B10 and C57BL/6J mice using peptide [175] [176] [177] [178] [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] . The correlation of IgG responses to peptides from mice immunized with either porin or peptide was best observed in the CBA/J strain, where 10 peptides were reactive with either antipeptide or antiOmpF antisera. Sera from all strains of OmpF-immunized mice produced a strong IgG response against the native protein. Antibody responses to native protein from mice inoculated with individual peptides. Groups of mice were immunized with individual peptides to determine if an IgG antibody response against the native protein could be elicited. The individual peptides selected were those which reacted strongly against the homologous peptide when inoculated as a component of the peptide mixture (Fig. 2) . A comparison of the antibodies produced by each mouse strain against the immunizing peptide and native OmpF is summarized in Table 1 . Several antipeptide antisera from each strain were able to recognize epitopes on the native protein, although the absorbance values were always less than those seen against the homologous peptide. Peptides 245-264 and 305-324, which were positive with sera from all strains injected with pooled peptides, were also capable of inducing IgG in all strains tested when injected as a single peptide. In most mouse strains, these sera did not recognize native OmpF, with the exception of 245-264 antisera produced in BALB/cJ and DBA/2J mice, and 305-324 antisera produced in BALB.B10 and C57BL/6J mice. Peptide 175-194, which reacted strongly with sera from BALB.B10 and C57BL/6J mice when injected as a component of the pooled mixture, also produced antisera which recognized the native protein. The same was true for peptide 315-340 when inoculated into BALB/cJ and DBA/2J mice and peptide 145-164 when inoculated into the BALB.K and CBA/J strains. Some peptides, while strongly reactive with sera produced following inoculation with the pooled mixture, were nonreactive with the native protein or the homologous peptide when injected singly. This suggests that the T-helper epitope required for IgG synthesis was most likely present on an adjacent (or spatially distant) peptide injected as part of the pooled mixture. An unusual response was that seen in antisera from C57BL/6J mice injected with peptide 295-314. Despite the fact that this peptide reacted strongly with antisera produced when the pooled peptides were used as the immunogen, the antisera from mice immunized with 295-314 alone did not produce an IgG response against the homologous peptide. In contrast to the above situation, these antisera were strongly reactive with the native OmpF.
T-cell proliferative responses to synthetic peptides. T-cell epitopes were identified by measuring the in vitro stimulatory properties of overlapping peptides on T cells primed with either native OmpF or synthetic peptides. In contrast to the IgG antibody response of immunized mice, the results presented in Fig. 3 demonstrate a high degree of correlation between the recall proliferative responses of immune T cells from mice immunized with OmpF and those from mice immunized with synthetic peptides, although a few cryptic determinants (determinants not revealed by immunization with the native protein) were identified. Additionally, several peptides are recognized in a genetically permissive manner, although haplotype-specific and strain-specific proliferative responses were also observed. Peptides 75-94, 265-284, 295-314, and 305-324 were recognized by all strains of mice when mice were immunized with either native OmpF or the homologous peptide, although there was some variability in the magnitude of response, depending on the immunogen. In several cases, the level of response to the peptide appeared to be genetically determined. For example, peptide 95-114 induced a strong proliferative response in both peptideimmunized and OmpF-immunized BALB.B10 and C57BL/6J (H-2 b ) mice, but a lesser response was observed in OmpFimmunized BALB/cJ and DBA/2J (H-2 d ) mice, and no response was observed in BALB.K and CBA/J (H-2 k ) mice. Similarly, peptide 145-164 induced a strong proliferative response in peptide-and porin-immunized BALB.K and CBA/J mice, a weak response in BALB/cJ and DBA/2J mice, but no response in BALB.B10 or C57BL/6J mice. A dominant proliferative response was observed in BALB.B10 and C57BL/6J mice when they were stimulated with peptides 225-244 and 235-254, but only peptide 225-244 was able to stimulate T cells from mice bearing the H-2 d haplotype. Little or no proliferative response was observed by using these peptides against T cells from mice bearing the H-2 k haplotype. Peptide 35-54 induced a strong proliferative response when used to stimulate T cells from both peptide-immunized and porin-immunized BALB.K and CBA/J mice. No proliferative response was observed by using this peptide against T cells from other strains of mice, with the exception of those from peptide-immunized BALB.B10 mice. In this strain, peptide 35-54 would seem to represent a cryptic determinant. Other cryptic determinants were also strain specific. For example, peptide 175-194, while inducing a strong proliferative response in peptide-and porin-immunized BALB.B10, C57BL/6J, and DBA/2J mice, was only recognized by T cells from peptide-immunized BALB/cJ mice. No proliferative response to peptide 175-194 was observed in mice bearing the H-2 k haplotype. Peptide 15-34 induced a strong proliferative response in peptide-immunized BALB.K mice, but no response was observed with the other mouse strains.
In several cases, a proliferative response to a peptide was only observed for T cells from mice immunized with native OmpF, indicating inadequate priming of T cells when the homologous peptide was inoculated or a low peptide-specific T-cell precursor frequency. For example, a proliferative response was observed only in OmpF-immunized BALB/cJ and DBA/2 mice in response to peptides 95-114 and 195-214. Similarly, peptides 105-124 and 205-224 induced a proliferative response only in C57BL/6J mice immunized with the native OmpF. All mice immunized with the native protein proliferated to similar degrees when incubated with the homologous protein.
Cytokine production by proliferating T cells. IL-2 and IL-4 production of T cells was determined by a quantitative ELISA using supernatants from duplicate proliferative cultures of T cells from OmpF-immunized mice after incubation with synthetic 20-mers and native protein. The results, summarized in Fig. 4 , indicate that most proliferating T cells secrete significant levels of IL-2 into the culture supernatants, suggestive of a predominant Th1 response. In addition to IL-2 production, detectable levels of IL-4 were secreted by proliferating T cells from BALB.K and CBA/J mice incubated with peptide 145-164. T cells from all strains of mice which were incubated with native OmpF secreted high levels of IL-2 into the culture supernatant, while lower, but significant, levels of IL-4 were also detected. In many cases, the level of the proliferative response did not correlate with the level of cytokine production. This was the case with peptide 305-324 in all strains of mice. This is probably due to the fact that the peak of cytokine production of proliferating cells occurs at a different time than the peak proliferative response, and, for these assays, proliferating cells and supernatants for cytokine quantitation were harvested concurrently.
DISCUSSION
Mapping studies to detect production of IgG to synthetic peptides in sera from mice immunized with native OmpF revealed an IgG response to relatively few of the synthetic peptides, even though all antisera contained high titers of antibodies to the native protein. This suggests that most antibodies produced after immunization with native porin are conformation dependent. Although a subpopulation of reactive antibodies could be binding to linear epitopes present on a few peptides (particularly peptides 45-64, 95-114, 115-134, and 275-294, which were recognized in a genetically unrestricted manner), these peptides may have a high conformational stability, particularly when attached to a plastic ELISA plate. This is similar to the stabilization of a folded structure when peptides are resin bound (15, 34) , attached to polyethylene pins (36, 45) , or conjugated to a carrier protein (8, 9) . Previous studies using monoclonal antibodies generated against native OmpF trimers and denatured monomers have shown that, in almost all cases, antibodies which were generated against the native protein reacted weakly or were negative when tested against a denatured monomer (24, 55), indicating that these antibodies were also conformation dependent. Additionally, monoclonal antibodies which reacted strongly with a denatured monomer probably recognized a linear sequence, as they rarely bound to the native trimeric structure. Similarly, when synthetic OmpF peptides were used as the immunogen to generate polyclonal rabbit antisera, no reactivity was observed with native OmpF, although a strong signal was seen with the denatured monomer (38) . While it is possible that antipeptide antibodies don't react with the native porin due to blockage of the epitope by LPS or O antigens (3) or inaccessibility when the reactive site is buried inside the ␤-barrel, it is more likely that the specificity of most antipeptide antibodies is biased toward linear, rather than conformational, epitopes.
Sera from mice immunized with peptide mixtures displayed a wide array of reactivities, few of which coincided with the patterns observed from the porin-immunized mice of the same H-2 haplotype. Two peptides, 245-264 and 305-324, while recognized universally by peptide-immune sera, were totally nonreactive with antiporin antisera. Antipeptide antisera from mice of identical H-2 phenotype exhibited similar patterns of reactivity, indicating a level of genetic restriction in the B-cell responses to synthetic peptides. For example, antisera from C57BL/6J and BALB.B mice (H-2 b ) recognized peptide 175-194, while sera from BALB.K and CBA mice (H-2 k ) reacted strongly only with peptides 35-54, 55-74, and 145-164. In some cases, strong responses to adjacent, overlapping peptides were observed, indicating that the antibody may be specific to the linear sequence of amino acids in the overlapping 10-aminoacid peptide segment.
Sera from mice immunized with single peptides as opposed to mixtures were similarly unreactive with the native OmpF trimer. Of the few individual antisera which were reactive with the native trimer, the level of reactivity was always lower than that with the homologous peptide. An exception was observed for C57BL/6J mice which were injected with peptide 295-314. In this case, while the antisera did not react with the homologous peptide, strong reactivity was observed with the native protein. An explanation for this phenomenon is that the peptide in solution (in the inoculum) could have assumed a conformation more closely resembling that of the native trimer, and one that was dissimilar to the conformation of the peptide when bound to the plastic ELISA plate. The adoption of a stable conformation in solution, and one which resembles the conformation of the native protein, has been described for other synthetic peptides (10, 14, 31) .
Peptides that were recognized in a genetically unrestricted manner may have more relevance to the development of peptide-based immunodiagnostic reagents or subunit vaccines (21, 53) . Because of their ability to stimulate an IgG response in mice of several H-2 haplotypes, the universally recognized peptides described in this study (45-64, 95-114, 115-134 , and 275-294) are good candidate peptides for further evaluation. The segment of the porin monomer encompassed by peptide 95-114 includes a portion of the long loop L3, which contains an 8-amino-acid ␣-helical structure and a small segment of ␤-strand. Peptide 115-134 encompasses the portion of loop L3 whose secondary structure is composed entirely of turns and loops. Loop L3 is considered an internal loop, since it folds into the ␤-barrel, contributing to constriction and ion selectivity of the pore. The epitopes present on this loop are, therefore, probably not surface accessible. Using monoclonal anti- bodies specific for denatured OmpF monomers and E. coli OmpF deletion mutants, Klebba et al. (24) identified three distinct epitopes which were encompassed by residues 108 to 111, 118 to 123, and 123 to 129. Using E. coli OmpF-OmpC hybrid molecules, Yamada et al. (55) also mapped an antimonomer monoclonal antibody to residues 108 to 114. It would appear that the L3 structure contains several dominant B-cell epitopes which, as we have demonstrated, are recognized in a genetically unrestricted manner.
Peptide 45-64 encompasses a segment of the OmpF monomer which is embedded in the transmembrane portion of the barrel structure and makes up a portion of the subunit (monomer) contact region. Peptide 275-294 is composed of amino acids which form the exposed loop L7. Previous studies using monoclonal or polyclonal antisera have not mapped these determinants, but a smaller peptide fragment of the L7 region (275-285) induced polyclonal activation of BALB/c splenocytes and induced B-lymphocyte differentiation into Ig-secreting cells (52) . In addition, short peptides (11-mers) derived from these segments were immunogenic when inoculated into rabbits (38) .
Using monoclonal antibodies generated against E. coli OmpF and S. enterica serovar Typhimurium OmpC and OmpD (24, 39, 40) , other investigators have shown that the transmembrane portion of the barrel structure is conserved among the family of porin molecules from numerous species of Enterobacteriaceae, both structurally and antigenically, while the exposed loops are antigenically diverse. Our studies have not addressed the genetic restriction of response to these phylogenically conserved (or diverse) structures, but it would be interesting to determine if the universal B-cell epitopes identified in this study are conserved in porin molecules from other enterobacterial species. Preliminary data using monoclonal antibodies specific for the peptide composed of amino acids 275 to 294 indicate that the identified epitope is present on porin molecules isolated from numerous species of Enterobacteriaceae despite the external location of this amino acid segment (data not shown).
Results of T-cell proliferative responses revealed that the OmpF protein contains a limited number of dominant T-cellstimulatory epitopes. While some of the responses were strain specific, several peptides were recognized in a genetically permissive manner. In contrast to the situation with antibody production, T cells isolated from mice immunized with the native protein or synthetic peptides demonstrated similar patterns of proliferation when stimulated with a peptide. This is probably due to the fact that T cells recognize segments of the protein that are processed into smaller peptide fragments. Although the conformation of the native protein may affect how it is processed by antigen-presenting cells, the peptide ultimately presented to the T cell will, most often, depend on the linear amino acid motif recognized by MHC class I (MHC-I) or MHC-II molecules. In several cases, overlapping peptides elicited proliferative responses, indicating that the minimal T-cell epitope may be contained in the shared amino acid segments.
Four peptides (75-94, 265-284, 295-314, and 305-324) elicited strong proliferative responses in all strains tested, whether the mice were immunized with native OmpF or the peptide. Three of these universal T-cell epitopes (75-94, 265-284, and 295-314) were localized to the transmembrane region of the native OmpF protein, while one epitope (305-324) encompasses a portion of a surface-exposed loop (L8). Haplotypeand strain-specific epitopes were localized to other transmembrane and loop regions of the native protein, indicating that both the conserved (transmembrane) and heterogeneous (loop) portions of the porin molecule are composed of multiple T-cell-stimulatory determinants. Based on our results, a general conclusion cannot be made with regard to genetic restriction of the T-cell response in relation to the structure of the native OmpF protein.
Several cryptic epitopes were identified in each mouse strain tested. This would indicate that there are structural differences between synthetic peptides and those peptide fragments resulting from naturally processed antigens. Naturally processed peptides could lack the necessary amino acid residues for stable MHC binding or T-cell activation. Another possibility is that when the native protein is used as the immunogen, there is competition among naturally processed peptides for binding to the MHC molecules, with the result being that only the peptides with the highest affinity to the MHC molecule are finally presented to T cells. This competition would not be observed when a single peptide is inoculated. On the other hand, some peptides were recognized after injection with the native protein but not after injection with the peptide itself. In these cases the processing of the whole antigen may result in a peptide with different flanking amino acids or a different conformation, which would impart a higher affinity for MHC than that imparted by the synthetic peptide. Alternatively, the synthetic peptide could be more sensitive to destruction by proteases involved in antigen processing. Mapping studies using peptides of shorter length or which conform to known MHC binding motifs will be required to identify minimal epitopes.
Protective immunity to enteric pathogens is partially dependent on the activation of cellular defense mechanisms by T cells. Intracellular bacteria and parasites stimulate MHC-IIrestricted CD4 ϩ T-helper cells, which consist of distinct subsets, designated TH1 and TH2 cells, based on their cytokine secretion profiles and functional characteristics (27) . TH1 cells secrete IL-2, gamma interferon (IFN-␥), tumor necrosis factor alpha (TNF-␣), TNF-␤, and granulocyte/macrophage colonystimulating factor and are associated with cell-mediated immunity and an Ig class switch to IgG2a. TH2 cells secrete IL-4, IL-5, and IL-10 and promote humoral immunity by activation of B cells and an Ig class switch to IgG1 and IgE. TH1 cells promote recovery and resistance to intracellular pathogens by activation of antimicrobial effector functions of macrophages through their secreted cytokines. But TH1 cells also exert a protective role through direct cytotoxic activity against infected macrophages. Native porin isolated from S. enterica serovar Typhimurium induced the secretion of IL-2 from BALB/c splenocytes (26) and IFN-␥ from BALB/cByJ splenocytes (43) levels of which were not reduced by coculturing with polymyxin B (not attributable to LPS). With purified porin preparations of S. enterica serovar Typhi, pretreatment of mice with porin prior to inoculation with an unrelated antigen not only enhanced antigen-specific cellular immunity as demonstrated by a positive delayed-type hypersensitivity response but also enhanced the level of antigen-specific serum IgG2a (1) . Although the segment of the porin molecule responsible for the enhanced response was not determined, these data provide further evidence that exposure to porin molecules may provide immunomodulatory or protective effects by favoring a TH1-type response, possibly by inducing the secretion of IFN-␥ by T cells or NK cells or of IL-12 by macrophages or dendritic cells. Based on the level of IL-2 secretion by porin-immune T cells in response to specific peptides, our data demonstrate that inoculation with native OmpF induces an overwhelming TH1-type response in mice of several MHC haplotypes, although lower, but significant, levels of IL-4 were detected in T cells restimulated with the porin itself. Since supernatants were harvested at only one time point following restimulation with the antigen, we were unable to determine if the relative levels of IL-2 and IL-4 vary over time as precursor TH cells (TH0) become more polarized toward a TH1 response.
This study identifies the dominant B-cell and T-cell epitopes of E. coli OmpF using a synthetic peptide approach. The pattern of responses to 20-mer peptides demonstrates the diversity of epitopes represented on the OmpF protein. The repertoire of response is, in some cases, specific to the MHC haplotype of the mouse, but in many cases a promiscuous response to peptides was observed. In several cases the B-cell and T-cell epitopes were localized to identical peptides; however, in many cases the sites of antibody recognition and proliferative responses were spatially distinct. The relationship between those peptides containing T-cell epitopes capable of providing B-cell help and the resultant location of the site of antibody recognition is not well understood. Conformational differences between the native protein and the corresponding peptide clearly affect the processing and/or presentation of an antigen to T cells, and it is reasonable to assume that T-cell or B-cell responses to isolated porins or synthetic peptides derived thereof could differ from responses observed during a natural infection, where the site of initial exposure and the presence of conjugated proteins and other complex bacterial structures could affect antigen processing. Indeed, other investigators have found that chimeric peptides synthesized with B-cell and T-cell epitopes as tandem linear or branched repeating sequences may be more effective immunogens (11, 16, 35, 44) . If the goal of epitope mapping in different mouse strains is to develop model peptide-based vaccines, it is clear that more than one B-cell or T-cell determinant may be necessary to elicit a protective response in a genetically diverse population, and it will be necessary to select individual immunogenic peptides from a multideterminant antigen which displays degeneracy in binding to diverse MHC-encoded alleles.
The question also remains as to whether recognition by human B cells and T cells will reflect epitope specificities similar to those recognized by inbred mice. Several studies have demonstrated the proinflammatory and immunomodulatory effects of porin proteins on human monocytes and lymphocytes in vitro (6, 19, 47, 54) , but the fine specificity of stimulatory sequences was not determined. Acute and convalescent sera from patients with typhoid fever (30, 51) or gramnegative bacteremia (7) contain high titers of antibodies to purified porins from the implicated organisms, but these sera also contain cross-reacting antibodies to porins isolated from other species of Enterobacteriaceae. The ideal peptide-based diagnostic reagent must (i) contain structures which will permit recognition by antisera produced following exposure to the native protein (dominant epitopes), (ii) contain one or more epitopes recognized by sera produced from a population with diverse HLA phenotypes (universal epitopes), and (iii) contain epitopes common to all isolates of the strain or species to be detected, but with sufficient diversity from related species which may cross-react serologically. We have identified epitopes of the OmpF protein which are potential candidates for such reagents, and future investigations will focus on the evaluation of panels of human sera to determine if these peptides or peptides synthesized from the corresponding sequences of porins from other Enterobacteriaceae would be useful diagnostic reagents.
